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1.0 INTRODUCTION 


The report is organized into sections representing the phases of work performed in analyzing the 
STS 65 results and preparing the instrument for STS 73. Section 1 briefly outlines the OARE 
system features, coordinates, and measurement parameters. Section 2 describes the results from 
STS 65. The mission description, data calibration, and representative data obtained on STS 65 are 
presented. Also, the anomalous performance of OARE on STS 65 is discussed. Finally Section 3 
presents a discussion of accuracy achieved and achievable with OARE. 

1.1 OARE System Features 

The Orbital Acceleration Research Experiment (OARE) contains a tri-axial accelerometer which 
uses a single free-floating (non-pendulous) electrostatically suspended cylindrical proofinass. The 
accelerometer sensor assembly is mounted to a microprocessor-controlled, dual-gimbal platform in 
order to perform in-flight calibrations. Acceleration measurements are processed and stored in the 
OARE flight computer memory and, simultaneously, the unprocessed data are recorded on the 
shuttle payload tape recorder. The payload tape recorder data are telemetered periodically to 
ground stations during flight via tope recorder playback (data dumps). 

OARE's objectives are to measure quasi-steady accelerations, to make high resolution low- 
frequency acceleration measurements in support of the micro-gravity community, and to measure 
Orbiter aerodynamic performance on orbit and during reentry. There are several features which 
make the OARE desirable for making highly accurate, low-frequency acceleration measurements. 
OARE is the first high resolution, high accuracy accelerometer flight design which has the 
capability to perform both bias and scale factor calibrations in orbit. Another design feature is the 
OARE sensor electrostatic suspension which has much less bias temperature sensitivity than 
pendulous accelerometers. Given the nature of the OARE sensor and its in-flight calibration 
capability, OARE stands alone in its ability to characterize the low-frequency environment of the 
Orbiter with less than 10 nano-g resolution and comparable accuracy. 

1.2 Coordinate Systems 

Two coordinate systems are used in this report - the OARE axes centered at the OARE sensor 
proofinass centroid and the Orbiter aircraft body axes centered at the Orbiter's center of gravity. 
The direction from tail to nose of the orbiter is +X in both systems. The direction from port wing 
to starboard wing is +Z in the OARE system and +Y in the Orbiter system. The direction from the 
Orbiter belly to the top of the Orbiter fuselage is +Y in the OARE system and -Z in the Orbiter 
system. This sensor-to-body coordinate alignment is referred to as the nominal flight alignment 
And was u tilized for OARE data collection during STS 65 . 

In discussions of OARE calibrations of bias and scale fector, the OARE reference system is used. 
Flight acceleration data are given in the Orbiter body reference system. The sign convention is 
such that when there is a forward acceleration of the Orbiter (such as the OMS firing), then this is 
reported as a positive X axis acceleration. All accelerations given in this report refer to the OARE 

location. 
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1.3 Sensor Measurement Parameters 


There are three sensor ranges A, B, and C for each OARE axis, which are controlled by auto- 
rangu^ software logic. The full scale ranges and resolutions (corresponding to one count) are 
given in Table 1 In any case where the sensor channel is driven into saturation, the output is set to 
1 .5 times full scale of range A with the sign of the saturation signal 



2.0 STS 65 MISSION RESULTS 

dB'rilKs the results from STS 65 as derived ftotn post-flight analyses of the on-board 
stored EPROM processed data and from the telemetered unprocessed data. 

2.1 STS 65 Mission Plan 

The STS 65 adaptation parameters anticipated a mission of up to 14 days long. The calibration 
plan was to perform bias calibrations at 25 1 minute intervals and to perform scale fector 
calibrations m conjunction with every third bias calibration. The STS 65 plan did not include any 
predefined "Quiet" periods in that "around the clock" astronaut operations were planned. 

2.2 STS 65 Actual Mission Description 

Launch for STS 65 was on 8 July 1994. The actual length of the OARE STS 65 mission was 14 
days, 17 hours, 56 minutes, and 9 seconds. Shutdown occurred in REENTER mode under the 
condition of "re-capture duration error" in sub-mode 4. This means that the OARE instrument 
^° t D ^ ue ^ to 0011601 data until the Y axis signal was saturated for at least 2 minutes in the final 
REENTER sub-mode. This is considered normal termination of the mission, and represents 

adequate adaptation parameter settings for the reenter file size and correct timing of the reenter 
discrete. 

The OARE was turned on once, 3:50 (hh:mm) prior to launch. Quiet was asserted "ON" during 
day # 13 (the first day of the mission is day # 0) for 2 closely spaced periods of about 3 hrs. each 
Reenter was asserted then canceled twice during day # 1 3 then asserted for actual reentry on day 
The system remained in Reentry for 7 1 : 1 8 (mm:ss) before a normal shutdown due to sensor 
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saturation. The E^PROM flight data were recovered by accessing the OARE SPCS on Orbiter 
OV-102 via the GSE on 5 August 1994. 

All engineering parameter values were within normal range. Hardware performance was normal. 


2.3 STS 65 Data Analysis 

This section treats the several analyses carried out on the STS-65 flight data and summarizes the 
significant results. The processed aeeelerationdata Crater 

delivered to Microgravity Measurements and Analysis Branch at NAS 

TK P Orbital Acceleration Research Experiment (OARE) is designed to measure quasi-steady 
^“Slow 10 nanog 25 nuflig whera quasi-sfl^indi^the ft£u^ 

range flora DC to , He To ^pbshflus^e les pet 

adaptive trunmean filter pnor to EPROM storage. 

In Audit, the OARE instrument is subjected to higher amplitude and higher frequency accelerations 
the quasi-steady acceleration over sample penods of 50 seconds. 

to orier to obtain the optimum estimate of the quasi-steady acceleraMunder tee contbnons. a 

S3^the Se of the tafls ofthe distrihution (or its depamire ftom a notmal thstnbuttonT 
BMed*ui»n^ m^ur^ent of the size of the mils ofthe eijstcibution. itai^pOve^^^^<w» the size 
of tht* trim to be used for estimating the mean ofthe underlying population. The larger the 

percentage of the distribution in the tails, the larger t>* trim *atis g^of S’Sh^bS as 
For OARE on^rbit processing, the trimming ranges from 10% to 80 /a ofthe total cusinoutio 

discussed in Reference 2. 

IS— SI'S,' - ■ -w 

Branch at NASA Lewis Research Center . 

ThP rcmnerature environment was cold for most ofthe STS 65 mission but was relatively constant 
ES. elapsed time (MET) of 50 houts through MET of 300 boon. The .mtiument 
temperature in Specs Celsius (measured on the proofinass housing) is shown in Figure 
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STS SS INSTRUMENT TEMPERATURE 



MISSION ELAPSED TIME IN HOURS 


Figure 1. STS 65 Instrument Temperature Measured During X-Axis Bias Calibrations 

2.3.1 Bias Data Analysis 

One determinate of the overall accuracy of the acceleration measurement data is the accuracy of 
Ae bias determination of the OARE instrument as a function of time during the mission On STS 
65, bias calibrations were made 5.7 times a day. 

in the process of measuring the bias for each sensor axis, the OARE sensor is held in its standard 
position and 50 seconds of data are collected at 10 samples per second. These data are then 
processed through the trimmean filter which calculates a "best" estimate of the DC signal bv 
removing the outlying data points which may be caused by various higher frequency activity such 
as crew activity, thruster, evaporators, pumps, vibrations, etc.; then the mean and the average 

^nT*™** n ^ asurements from H* 500 initial samples are calculated. The sensor is 
e 8rees and a new set of measurements is made and processed by the trimmean 
filter. The outputs are then summed and divided by two to obtain the measured estimate of the true 
bias m counts for that bias calibration event. 

In order to obtain the most accurate measurement of the instrument bias, there should be no noise 
or offset contributions to the measurement of the means except the intrinsic instrument noise and 
DC accelerations. However, the shuttle activity’s contribution to the noise exceeds the intrinsic 
noise of the instrument and any changes in the average acceleration between the two bias 
measurements will contribute to an error in the measured bias. Thus, there may be a significant 
measurement error on each bias measurement. These measurement errors inherently limit the 
accuracy obtainable from the bias calibration process. 

The bias can be characterized by an initial transient after launch as a function of time and a small 
dependence upon temperature In the same manner as on STS 62 [3], we have fitted the measured 
bias data with a function of the following form: 

Bias = A j + A 2 *e _ ^ t(,t ®) + Aj’e - ^*) + A 4 *T, 
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BIAS IN COUNTS 


1lt cfrftl .J A, tfl and tl arc fitted coefficients, t is the misskai elapsed time in hours, and 
T is the instrument temperature in degrees Celsius. 

THe tnie bias in counts was estimated by performing a least squares fit to tbe mmmcan bias 

measurements. The Bizonal form of tl« « was time ^ expementsal 

The results of these fits are shown m Figure 2 for the UAKE, a, 

R^. The measured and fitted bias are shown and are to be read 
the kft axis The raiduaUrors between the fitted bias and the measured bias are also shown and 
!Lbe read along the right axis. Tbe conversion from counts to nano-gs 15 “ 

Table 1. The fitted coefficients and corresponding metrics of the ts are s o 


M65 OARE X-AXIS BIAS CALIBRATIONS FOR C-RANGE 
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, MEASURED BIAS — FITTED BIAS 

FIT - -2247 - 2943e-(t/S) + 904*-(t/400) + 27.07T 


FITTED - MEASURED BIAS 


Figure 2a. OARE Bias Measurements and Estimated Biases for the X axis in C Range 
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f. na , fit cantures the trend of the bias measurements with no major deviations over long 
C . nf Ume 35 s hown in Figure 2; this would indicate that the functional form of the fit is 
P6n ii a ate The differences between the fit or estimate of the true bias and the measured 

bias are^believed to be largely due to the inherent uncertainty in the measurement ofthebia f“^ 
bias are belie s y activity and other exogenous events aboard 

as those on STS 62, the differences are geaerally much less 

than those shown here. . 4 . . /c , XT . 

Table 2. STS 65 Bias Fit Analysis (See Note Below 



*Note^r°pro«ssi°g raw telemetry data, the fitted constants A1 on the C range tor the OARE X Y. and 
z JS are - 224^48 9, and 1511.8, respectiyely. See section 2.3 for discussion. 

In the above analysis of bias, a visual examination of the 10 sample per second data time plots for 
t . hi measurements indicated that there was a large negative transient signal mcluded m the Y 

measurements as a result of completing * stable — ■* 
allowing sufficient Y axis electronic settling times on the C-range bias calibration. Fuith 
analysis indicated that this induced transient's effect on the bias estimate was not compktely 

In feet, it skewed .he bias by 50±4 couMsfor the Y esomale and 

6 5±1 5 counts for the Z estimate in the C-range. These corrections have been meo^orated mto 

the'bias measurements show, in Figure 2 and Table 2^ The an«m« tf ^^Zt 

the no.se level. For missions such as STS62, where there are quiet penods, the bias measuremen 

offsets would be less. 
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2.3.2 Scale Factor Data Analysis 

Scale factor measurements are made bv n»<in<> 9 

electronics for each channel and nanl. ■^i^f Sl ^f-! < n0WI1 ’ 000 zef 0, through the sensor and 
the erne™, am™™*, or by iJS ^ * 

“ V °J VeS »h<e Motor/Tafcle Subsjosttm 
n*ahon ofls« radius r V^™ l,Z SELS? 

collecting scale fector data, the sensor alcn «« ^ acceleration. While 

external signal. Data collected before and aftetb^e 5^ “ d “ to 30 

and external signal effect. ractor slew assists in removing the bias 

The basic scale factor measurement model is shown in Figure 3. 



Figure 3: Scale Factor Measurement Model 


From this model, the k* measurement^ is given by: 

y* *(w* +a l )/SFA+b t 

^ kth ‘^ Urement tune and ^ is the internal bias at the k* 

s k con^^tvroc^ponOT^^^^aa^lw^^^imaJ^^h* ^^^-umet^ 

throughout the slew and (ii) a noise input wfe zcr^e^t*!*^ ^ totheMT Sbase 

the measurements over the data set (with length n): To eliminate noise, consider averages of 


’ = (™ i +-Y d s t )/SE t +b 

ft *7T 


where (*) is the average value of ( ). 

From this equation we can find the actual scale fector SFa iw „ « .u 
measurements and rcc? is known The A ^ ’ ^ avera « e of ^ 

signal and noise. This is related to the WD ’ % is a combination of the external 

varying magnitudes of the external signal IVh^d ^rt n ^Sd * Hi! 

r-? » 4 * 

fector measurements is related to the sine function ( ( \i \ ^ biaS have on ^ 80316 

scale fector can then be found from the fcfc^g ejj^ tWwL Th# ^ 

l /SFa - ^"^(smf fl/fl-n-rsinfAWaftM 

ra? 
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The scale factor correction is 

Scale factor corrections were 


SF C = SF A / SF N , where SF N is the nominal scale factor, 
calculated for all three OARE axes and the three ranges. The results 


are shown in Table 3 . 



*This Scale Factor Correction was computed from the B range measurement. 


2.3.3 Orbiter Body Axis Accelerations Results 


show a period of a aooaoal ooise leva. <blh«d by a mole qwt penod 


near the end of the mission. 
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ACCELERATION IN uQ‘t 



Figure 4. Shuttle X Axis STS 65 Acceleration History 


10 



acceleration IN uG« 




ACCELERATION IN uGs 


20 


M65 SHUTTLE Z-AXIS OARE ACCELERATION DATA--1 0/31/94 



2 


M65 SHUTTLE AXES OARE ACCELERATION DATA-10/31/94 



Figure 7. OARE Acceleration During Maneuvers 
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ACCELERATION IN uQt 



Figure 8. 






2.4 STS 65 Anomalous Performance 

following is a discussion of these anomalies. 

OARE Z Axis Scale Factor Anomaly 

OARE’s performance on STS 65 was ^ 

calibration was still affected by jitterto "electronic bias shift" that was first noted in 

StT? 8 b^ shift manifested itself with small changes in the pre and postrate 

^et^Sration period and, hence, does not affect the Z-axis data collection. 

Ground and In-Flight Scale Factor Differences on Y and Z axes. 

Th, crale factor calibration measurements measured in-flight using the rotary table assembly were 

2% 

These scale factor analyses will be reported upon in a separate report. 

Small Error in the On-board TrimMean Filter 

to reviewing the processing algorithm for the one mS'e 

‘ftLe aiso processes toe tmnnal accel^tion to toiT^on. 

was self-correcting in the processing of the normal data from the EPKUM snown ^ 

However, toese irrechons shouid he appHed to toe toashmcnoto ;"««£££ 

range when processing the raw telemetry dam,. and by 1.5 for the Z-axis 

by 5.7 counts for the X-axis C range, by 1 .6 for the Y-axis range, -uu , 

C range. 

Erroneous Reporting of Sensor Range following Seri. Factor Abort 

&u Normal Hata files reported that each sensor channel was in range C following the second 
AU Normal data ffles repo^ channels must have been m range A. This 

canceling of Reenter but data values lnoicaieu ui* , llto matic ranging; in this case. 

Normal data for this time period 
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was recovered by manual editing of the range codes in the ASCII formatted data files used for 
analysis The correct range was then processed for the flight accelerations delivered. 

The Status Log shows that this Reenter was canceled while Scale Factor was in the Rate step of 
Sequence #4. Normal ranging control is overridden by Scale Factor control during the Rate step 
Range C was active for all sensor channels prior to start of Scale Factor and range A is 
commanded, by Scale Factor control, while the table is starting or stopping its Rate movement It 
appears that the software action to abort Scale Factor activity at this critical time is inadequate. 
Although the general action of aborting a Scale Factor was previously tested, the abort probably 
was not stimulated in the narrow time window that would stimulate this defect. 


Defective Scale Factor Data Record, with Loss of Scale Factor Data 

Ground support software which reformats the SF RAW data file for analysis declared a 
formatting error m the raw data file during processing of SF number 27, which is the one aborted 
when the first Reentry was canceled. [The processing software quits processing the raw data file 
when it encounters an error ] While this raw data file data formatting error has not been 
investigated in detail, it is suspected of being another deficiency associated with early termination 
of Scale Factor stimulated by the canceling of Reenter. We are optimistic that future corrective 

action for the Erroneous Reporting of Sensor Range problem will prevent future occurrences of 
this problem as well. 

The effect of this defect is that Scale Factors during the last day of the mission have not been 
me uded in the correction of Normal data for this mission. This is not considered impor tant for 
analysis m support of corrected Normal data measurements for the main portion of the mission. 
The raw data for the last Scale Factor of the mission exists in die Reenter data file and all Scale 
Factors are in the recorder output telemetry data. No plans presently exist to refine the ground 
processing software to recover M65 Scale Factor data following the point of defect or to 
investigate the exact nature of the raw data file defect. 


3.0 OARE ACCURACY ANALYSIS 

The OARE instrument provides high resolution measurements of sensor input axes 
accelerations, 3.05 nano-gs in the OARE X axis and 4.6 nano-gs for the Y and Z axes. The 
accuracy of these measurements is primarily determined by the degree to which the instrument 
can be calibrated over the time period of the measurements. Major sources of potential errors 
are the accuracies obtainable from the bias and scale factor calibrations. 

3.1 Bias Errors 

On STS 65, the bias was measured 84 times. From these measurements, the true bias was 
estimated by the fitting procedure discussed in section 2.3.1. Potential errors in these bias 
estimates arise from the statistical nature of the bias measurements as well as from potential 
systematic errors which have not been identified. 

Random fluctuations in the recorded signal due to instrument noise or crew activity, etc., cause 
statistical errors in the individual bias measurements. In order to determine whether the 
differences between the bias estimates based upon fitted data and the actual measurements were 
consistent with the statistical errors that could be expected, a measure of the expected 
measurement errors was calculated. This measure consisted of the calculated average and the 
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RMS of the series of (S(t+75)-S(t))/2 for all times between mission elapsed times of 30 and 90 
hours where S(t) is the measured signal counts after the trimmean filter for a period of 500 
samples (50 seconds). This corresponded to more than 8000 measured differences over a 
nominal period as can be seen in the acceleration plots. In this case, t is in seconds and 75 
seconds is approximately the time between the bias measurements at the two table positions 
used to calculate the bias. The average of this series should be close to zero since there is no 
significant change in the average acceleration level over time. The RMS of this series is a 
measure of the expected measurement error in the bias measurements since the same signals, 
signal processing, and timing are used in the bias calculations. A comparison of the RMS of 
the signal differences and the RMS of the differences between the bias measurements and fit 
are shown in Table 4. 


Table 4. Comparison 

of RMS of Signal Differences and RMS of 

r Bias Fit Differences. 

OARE AXIS AND 
RANGE 

RMS of Signal 
Differences 

RMS of Bias Fit 
Differences* 

RMS of Fit in nano- 
gs* 

X-C 

94 



Y-C 

37 



Z-C 

29 




*The number in parentheses is if the outlier points (from 1 to 3) are removed. 


The magnitude of the RMS (standard deviation) of the signal differences and the bias fit 
differences are the same. The data are therefore consistent with the hypothesis that the 
differences between the bias fits and the bias measurements are due to the statistical noise 
associated with the bias measurements. This noise is primarily a result of crew activity and 
other exogenous events occuring when the bias measurements were made. 

Additional support of this hypothesis can be found in the STS 62 data [3). On STS 62 there 
were 71 total bias calibrations of which 27 occurred at relatively quiet periods. Biases were 
estimated on STS 62 in the same manner as on STS 65. Statistical measures of the bias fits on 
STS 62 are presented in Table 5. RMS values are presented for both all of the bias 
measurements and for only the 27 bias measurements made during the quiet periods. The same 
fit was used for the total data set. 


iauie J. ouiuauuo- 

OARE Axis and 
Range 

1 ITlMUUtWO vi 

RMS of Bias Fit 
Differences 
(All) (counts) 

RMS of All 
Differences in 
nano-gs 

RMS of Bias Fit 
Differences 
(Quiet) (counts) 

RMS of Quirt 
Differences in 
nano-gs 

X-C 

60 

185 

19 

60 

Y-C 

50 

230 

15 

69 

Z-C 

30 

138 

15 

69 


As can be seen in Table 5, when the crew ceases activity during the quiet periods (on STS62 
both crews had common sleep periods), the differences between the bias measurements and the 
estimated biases are considerably reduced. Again, this result is consistent with the hypothesis 
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that the differences between the bias fit and the measured values are due to noise induced bv 
on-board shuttle activity. ** 

Although the individual bias measurements differ significantly from the bias estimates, these 
differences are explained by the expected measurement error. Based upon statistics alone we 
estimate that the error on our bias estimate is the RMS of the (bias measurements minus the 
bias estimate) divided by the square root of the number of degrees of freedom. There are 78 
degrees of freedom on STS 65 bias fits and 21 on the quiet measurements on STS 62. Table 6 
shows the resulting estimated statistical errors on the bias estimator. 

Table 6. Estimated Statistical Bias Errors on STS 62 and STS 65 


PARE A xis and Range STS 65 Error (nano 


STS 62 Error (nano 



Non-random systematic errors are difficult to estimate, but are estimated to be about 20 nano- 
gs. The systematic errors and random errors should be added in quadrature to get the final 
estimate of the error on the bias. Thus, we expect bias errors of about 55 and 35 nano-gs for 
the X and Y/Z axes, respectively, on noisy missions such as STS 65. On STS 62 where there 
are quiet periods for calibrations, we expect bias errors to be on the order of 20-30 nano-gs. 

This estimate of errors is consistent with the error estimate of 40 nano-gs provided by 
Blanchard et al. on page 18 of reference 4. 

3.2 Scale Factor Errors 

In die microgravity environment of the Orbiter, the quasi-steady acceleration measurements are 

typicady on the order of 1 micro-g or less. Under these conditions, the bias errors are larger 
than the scale factor errors. 6 

Measurements of the scale factors made during flight and those on the ground are now 
consistent to within 1-2 percent. We estimate the scale factor errors to be about 1-2 percent of 
the measured acceleration. These can be reduced with further study. At a 1 micro-g level this 

corresponds to a 10-20 nano-g error. These should be added in quadrature with the bias 
errors. 

3*3 Quasi-Steady Acceleration Measurements 

As indicated, the primary OARE data recorded on the flight computer is processed through an 
aptive tr unmean filter. This trimmean filter provides a near optimum estimate of the mean 
of the quasi-steady acceleration population of measurements over the 50 second sampling 
period. This estimate is particularly beneficial in the calculation of the bias estimate and the 
estimate of orbital drag and gravity gradient effects. However, it tends to reject the effects of 
crew activity, thruster firings, and other exogenous events. Because many experimenters are 
interested in the true average of the acceleration measurements over the 50 second sample 
period, we are now considering incorporating the true average as well as the trimmean average 
for the sampling periods into the data recorded on the flight computer . In any case, the true 
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